The effects of postmenopausal osteoporosis for bone defect healing processes have already been reported, but not for senile osteoporosis caused by low-turnover metabolism. Low-Intensity-Pulsed Ultrasound (LIPUS) is known to promote bone defect healing in high-turnover osteoporosis an animal model. The aim of this study was to investigate the effect of LIPUS on the bone-healing process in a low-turnover osteoporosis model using the Senescence-Accelerated Mouse Prone 6 (SAMP6) strain of mice. Twenty-week-old SAMP6 and Senescence-Accelerated Mouse Resistant (SAMR1) mice were used as senile osteoporosis and normal aging models, respectively. Bone defects (diameter, 0.9 mm) were created in the both SAMP6 and SAMR1 femurs. At 7days after surgery, the LIPUS irradiation groups of SAMR1 (R1LG) and SAMP6 (P6LG) were exposed to LIPUS (1.0 MHz, 320 mW, 15 min/day) for 6 days. The non-irradiation groups of SAMR1 (R1CG) and SAMP6 (P6CG) were used as controls. All groups were sacrificed at 14 days after creation of bone defects. Radiological analysis, histological evaluation and immunohistochemical staining for osteocalcin (OC) were performed. From the radiological evaluation, the new bone of defected area in SAMR1 group showed cortical bone-like structure, but that in the SAMP6 group showed trabecular bone-like structures. The increase in bone area in P6LG was greater than that in P6CG according to chronological change analysis using X-ray micro-CT (p < 0.01). Histological analysis revealed outward new bone formation originating in the periosteum in P6LG. Positive reaction for OC was localized on the surface of new bone in P6CG, whereas that in P6LG was observed over the whole region of new bone, from the outer to the bone marrow side.
Introduction
Systemic disease is a significant problem in dental implant treatment. Osteoporosis, a metabolic bone disease accompanying old age, has been reported as a risk factor in implant treatment, as the success of implant treatment is defined as achieving and maintaining osseointegration 1, 2) . In post-menopausal osteoporosis, bone resorption increases due to estrogen deficiency; in senile osteoporosis, ossification potential is compromised due to aging 3) .
Postmenopausal osteoporosis is a high-turnover osteoporosis resulting in trabecular bone reduction, while senile osteoporosis is a low-turnover osteoporosis affecting both cortical and trabecular bone 4) .
Many studies have utilized ovariectomized (OVX) animal models for investigation of postmenopausal osteoporosis. Some have reported a reduction in trabecular bone and delay of fracture or bone defects 5, 6) , while others a reduction in bone-to-implant contact ratio 7) . On the other hand, studies on senile osteoporosis have used the Senescence-Accelerated Mouse Prone 6 (SAMP6) strain of mice, a type that develops low-turnover osteoporosis 8) .
These studies have reported a decline in thickness of trabecular and cortical bone, bone mineral density (BMD) and femur weight due to osteoblastic hypoplasia 9, 10) . However, to our knowledge, no studies to date have investigated the effect of low-turnover osteoporosis on implant therapy or the healing process in bone defects. of 1-3 MHz, in particular, has been reported to accelerate fracture healing in both clinical 12, 13) and animal studies 14, 15) . Low-intensity pulsed ultrasound was reported to increase expression of osteopontin and osteocalcin, osteoblast differentiation markers, in vitro [16] [17] [18] . In vivo studies have reported that LIPUS irradiation during the fracture healing process increased bone density 19) , bone mineralization 20) , and mechanical strength 21) , and also accelerated bone defect healing 22) . Early-stage osseointegration of implants 23) and maintenance of implant stability 24) were promoted by LIPUS. Furthermore, LIPUS enhanced healing of fractures under pathological conditions such as diabetes mellitus 25) and in nonunion fracture 26) and high-turnover osteoporosis (OVX) models 27) .
However, the effect of LIPUS in senile osteoporosis remains to be reported in both sexes. Establishing a means to promote healing and improve the quality of bone in implant patients with lowturnover osteoporosis is an extremely important issue.
The purpose of the present study was to investigate the effects of LIPUS on the healing of bone defects in low-turnover osteoporosis through radiological and histological evaluation.
Materials and Methods

Surgical bone defect and LIPUS irradiation
Twenty-week-old male SAMP6 mice (Japan SLC, Inc., Shizuoka, Japan) were used as a model of low-turnover osteoporosis, and 20-week-old male Senescence-Accelerated Mouse Resistant (SAMR1) mice (Japan SLC, Inc., Shizuoka, Japan) as a control. Both groups (each n=26) were placed under general anesthesia with an intraperitoneal injection of pentobarbital sodium and a 0.9-mm drill-hole bone defect created 3 mm from the femoral distal epiphysis using a round bur while being careful to avoid damage to the growth plate. Cortical bone perforation was confirmed by bleeding from bone marrow. At 7 days after bone defect creation, the skin of the surgical defect area was exposed to LIPUS in subgroups of each type of mouse (R1LG: SAMR1 irradiation group; P6LG: SAMP6 irradiation group; n=13 in each group) using the BR Sonic Pro (Ito Co., Ltd., Tokyo, Japan) (diameter of probe: 1.8 cm). The following conditions were applied: frequency, 1.0 MHz; burstwidth with sine wave, 2000 μs; repeating pulsation, 100 Hz; and intensity, 320 mW, equivalent to 360 mW/cm 2 spatial average and temporal average (SATA). Irradiation was carried out for 15 min per day for 6 days. The remaining mice (13 in each group) were defined as non-irradiation groups (R1CG: SAMR1; P6CG: SAMP6). All the mice were sacrificed at 14 days after bone defect creation and the right femur removed after perfusion fixation with 10% formalin (Wako Pure Chemical Industries, Osaka, Japan) ( Fig. 1 ). All animal experiments were carried out in accordance with the Guidelines for the Treatment of Experimental Animals at Tokyo Dental College (approval number: 223004).
X-ray micro-CT and measurement of chronological change
X-ray micro-CT images were taken with the in vivo 3D micro X-ray CT System R_mCT (Rigaku Corporation, Tokyo, Japan). Micro-CT images were obtained from mouse at immediately after (0-d) and at 14 days after bone defect creation (14-d) under inhalation anesthesia with isoflurane. The samples were set on the object stage and imaging performed over a full 360-degree rotation with an exposure time of 2 min. Conditions were as follows: tube voltage, 85 kV; tube current, 160 mA; magnification, 10x; and slice width, 20 μm. Micro-CT images taken from the same samples at 0-d and 14-d were merged using the Compare Analysis software (Rigaku Corporation, Tokyo, Japan). Areas of bone that increased over time were indicated in red, those that decreased in blue, and those that showed no change in green in further comparison of relative change was then made between the SAMR1 and SAMP6 groups (Fig. 2 ). The Tukey test was used for the statistical analysis.
Histological analysis and amount of newly formed bone
The extracted femurs were fixed in 10% neutral buffered formalin at 4ºC for 1 day and decalcified with EDTA (pH 7.0-7.5, Wako Pure Chemical Industries, Osaka, Japan) over 5 days.
Paraffin sections of 3 μm in thickness were prepared and stained with hematoxylin-eosin (H-E) according to the standard procedure.
Histological observation was performed using a universal microscope (Axiophot 2, Carl Zeiss, Oberkochen, Germany). New bone in the bone defect was divided into three areas: a central area, consisting of a rectangle formed by the edge of existing cortical bone on either side of the bone defect, which corresponded to the area of cortical bone damage; an external area, comprising an area the same size on the outside of the defect; and an internal area, comprising an area of the same size in the bone marrow. The ratio of newly formed bone volume was then compared between the irradiation and non-irradiation groups (Fig. 3 ). In each of these regions of interest, the amount of newly formed bone was measured using Adobe Photoshop. The Mann-Whitney U-test was used for the statistical analysis. 
Immunohistochemical staining
For immunohistochemical staining, the paraffin sections were deparaffinized with xylene and rehydrated in a series of ethanol. The sections were washed in 10 nmol/l phosphate-buffered saline Ratio of increased bone area between 0-d and 14-d was significantly greater in SAMR1 (R1CG, R1LG) than in SAMP6 (P6CG, P6LG). With ratio of chronological bone decrease, there was significantly greater decrease in SAMR1 than in SAMP6. While no significant difference due to LIPUS irradiation was found between R1CG and R1LG, proportion by which bone increased in P6LG was significantly greater than that in P6CG. And no difference in effect of LIPUS on bone decrease was found between R1CG and R1LG, or between P6CG and P6LG (**p < 0.01; Tukey test). 
Results
Radiological analysis using micro-CT images
In the micro-CT image obtained at 0-d, the width of cortical and trabecular bone in the SAMP6 group (P6CG, P6LG) tended to be thinner compared with that in the SAMR1 group (R1CG, R1LG) ( Fig. 4 A-D) . At 14-d, a radio-opaque cortical bone-like structure had formed at the bone defect region in the SAMR1 group ( Fig. 4 E, F) . On the other hand, in the SAMP6 group, a trabecular structure showing fairly low opacity had formed at the defect region ( Fig. 4 G, H) .
In terms of chronological change, merged images obtained at 0-d and 14-d revealed localization of red areas in the cortical bone defect region in both the SAMR1 and SAMP6 groups. On the other hand, blue areas were observed mainly in the area of trabecular bone (Fig. 4 I-L ).
The ratio of increased bone area between 0-d and 14-d was significantly greater in the SAMP6 than in the SAMR1 group (p < 0.01). While no significant difference due to LIPUS irradiation was found between R1CG (32.56 ± 9.78 %) and R1LG (32.20 ± 8.94 %), the proportion by which bone increased in P6LG (47.43 ± 12.08 %) was significantly greater than that in P6CG (41.89 ± 13.54 %, p < 0.01). In terms of ratio of decreased bone, a significantly greater decrease was observed in the SAMR1 group (R1CG; 10.26 ± 6.74 %, R1LG; 10.49 ± 4.56 %) than in the SAMP6 group (P6CG; 14.65 ± 9.75%, P6LG; 14.31 ± 11.30%, p < 0.01). No difference was observed in effect of LIPUS on bone decrease between R1CG and R1LG, or between P6CG and P6LG ( Fig. 5 ).
Histological analysis
At 7 days after bone defect creation, osteoid formation was recognized in the bone defect area in SAMR1, whereas it was filled with granulation tissue only in SAMP6 (data not shown).
At 14-d, woven bone was observed in the bone defect area in R1CG ( Fig. 6 A) . On the other hand, newly formed bone in R1LG showed a cortical bone-like structure resembling existing bone ( Fig. 6 B) . New bone in the bone defect area in the SAMP6 groups had a trabecular bone-like structure, and endochondral ossification was observed at the edge of existing bone. In P6CG, immature bone had formed, originating out of the existing cortical bone (Fig. 6 C) . On the other hand, new bone in P6LG had formed not only in the bone defect area, but also in the outside area ( Fig. 6  D) .
Analysis by amount of newly formed bone
The ratio of new bone growth was greatest in the central area in the SAMR1 group, and that in R1LG was significantly higher than that in R1CG (p < 0.05). No significant difference was observed, however, between the internal and external areas ( Fig.   7 A) . No difference was observed between P6CG and P6LG in the central area in the SAMP6 group. However, in the internal area, the ratio was significantly greater in P6LG (52.8 ± 4.4 %) than in P6CG (44.0 ± 6 .2 %, p < 0.05); in the external area, too, Figure 6 . Histological analysis of bone healing process in SAMR1 and SAMP6 Representative micrographs of decalcified H-E stained sections of femur from SAMR1 (A, B) and SAMP6 (C, D) at 14 days after bone defect creation. Woven bone was observed in bone defect area in R1CG (A). Newly formed bone in R1LG showed cortical bone-like structure resembling existing bone (B). In P6CG, immature bone formation was observed originating in existing cortical bone (C). On the other hand, outward new bone formation was observed from periosteum, and newly formed bone formation was observed originating in existing bone, including chondrocytes, in P6LG (D). EB = existing bone, NB = new bone, Bar: 100 m the ratio was significantly greater in P6LG (52.6 ± 5.5 %) than in P6CG (34.1 ± 6.7 %, p < 0.01) ( Fig. 7 B) .
Immunohistochemical staining for osteocalcin
Expression of osteocalcin was found in osteoblasts in the new bone filling the bone defect in R1CG and on the surface of the trabecular bone ( Fig. 8 A) . Although no expression of osteocalcin was observed on the surface of either the new or existing cortical bone in R1LG, a slight positive reaction was found in osteoblasts enclosed within the new bone ( Fig. 8 B) . In P6CG, osteocalcinpositive cells were found localized on the surface of newly formed bone originating from the outer surface of existing bone (Fig. 8 C), and a weak positive reaction was recognized on the bone marrow side (Fig. 8 E) . However, a positive reaction for osteocalcin was noted among periosteal cells that had developed along the edge of existing bone and on the surface of newly formed bone over the whole region, from the outer side to the bone marrow side, in P6LG ( Fig. 8 D, F) .
Discussion
Osteoporosis is a well-known risk factor in implant therapy 1, 2) . Senile osteoporosis, which can develop in either sex, results in a decrease in the thickness of both cortical and trabecular bone due to osteoblastic hypoplasia 28) . Therefore, from the point of view of dental treatment, it is important to clarify the effect of low-turnover osteoporosis on the process of bone healing.
Many studies have used SAMP6 strain mice in models of lowturnover osteoporosis. Decreased femoral weight and amount of bone have all been reported in SAMP6 at 16-20 weeks [8] [9] [10] . In the present study, micro-CT images revealed thinner cortical and trabecular bone at 0-d in SAMP6 than in SAMR1. In terms of chronological change, P6CG also showed a significantly greater ratio of decreased bone area than R1CG. This indicates that SAMP6 are suitable for an experimental animal model of senile
osteoporosis.
A type of ultrasound stimulation, LIPUS has previously been reported to promote differentiation of osteoblasts in vitro [16] [17] [18] and healing of fractures in vivo 14) , 15) . Moreover, some studies reported that LIPUS affected the healing process in a drill-hole bone defect. Lavendier et al. 29) investigated the effect of LIPUS at a frequency of 1 MHz and intensities of 100 or 300 mW/cm 2 SATA on a bone defect 3 mm in diameter in mouse circular calvarial bone, and reported that only 300 mW/cm 2 had an effect. This suggests that the LIPUS conditions used in the present study were appropriate for investigation of its effect on bone defect healing. Shortinghuis et al. 30) reported that a bone defect 5 mm in diameter in rat mandible was too large for LIPUS to induce bone healing. They suggested that when a bone defect reaches a certain size, the amount of granulation tissue required to form a scaffold for bone regeneration is large, resulting in poor or delayed woundhealing. A micro-CT and histological study of the healing process in a 0.9-mm femoral defect in mice revealed the formation of woven bone at 2 weeks post-operatively, which was remodeled as cortical bone at 4 weeks 31) . In the present study, similarly woven bone was observed in the bone defect area at 14-d in R1CG. This indicates that the size of the bone defect was appropriate for investigating the healing process. No significant difference was found between R1CG and R1LG in the micro-CT analysis of chronological change. This was probably because chronological measurement was binarized so that differences in bone mineralization would not be reflected, and also because the connective tissue between trabeculae was too small to be examined by micro-CT. Morphological examination revealed that newly formed bone in R1LG was more similar in density to that of existing bone than in R1CG, and that the amount of newly formed bone in the central area was significantly higher in R1LG. Taken together with those of earlier reports, these results indicate that LIPUS enhances bone healing in normally aging mouse.
On the other hand, both micro-CT and morphological examination revealed that new bone had a beam-like structured callus at 14-d in P6CG and that healing was delayed compared with in the SAMR1 group. Although, to our knowledge, no studies to date have evaluated bone defect healing in SAMP6, the healing process of femoral fracture with rigid fixation in SAMP6 has been examined by micro-CT and histologically, with no difference with that in SAMR1 reported 32) . This result, however, cannot be compared with those obtained in bone defect models, as there is almost no substantial loss of tissue and periosteum-derived cells contribute dominantly to the healing process in fracture models. Yi-Xin He et al. 6) created a 0.8-mm diameter drill-hole defect in the femur of OVX mice and compared bone healing at 21 days with that in a non-OVX control group. In the control group, mineralization of the callus in the cortical and bone marrow defect region was found at 7 days after bone defect creation, together with increased mineralization of the callus and partial bridging of the bone defect region at 10 days, and complete ossification of cortical bone at 14 days. In contrast, in the OVX group, there was low mineralization of the callus at 7-10 days after bone defect creation, and a gap with the cortical bone was seen at 14-21 days. The OVX group showed a significantly lower bone volume/tissue volume ratio in the cortical bone region of the bone defect area at 7 days after bone defect creation. At the same time, the OVX group showed significantly lower gene expression of OC, a marker for osteoblastic differentiation, within the callus than the control group. They concluded that the effects on bone healing in the OVX group were the result of interruption of osteoprogenitor cell activity. It was also reported that bone marrow stromal cells in SAMP6 had low alkaline phosphatase (ALP) activity and low mineralization ability. 33 In the present study, expression of OC in P6CG was localized to the exterior of new bone. This indicates that ossification ability on the bone marrow side was lower in the P6CG than in the SAMR1 group, and that this delayed bone healing.
Bone marrow function was reduced in SAMP6, whereas periosteal derived cell function had no aberrant function compared with SAMR1. Egermann et al. 32) found no difference in ALP activity or the mineralization ability of periosteum-derived progenitor cells harvested from femurs between SAMP6 and SAMR1. Silva et al. 33) made chronological observations of mineralization in the femur and tibia through calcein labeling. They reported that while endocortical and periosteal mineralization were both observed in SAMR1, only periosteal mineralization was seen in SAMP6. Moreover, they investigated whether mechanical stress by bending affected endocortical and periosteal bone mineral apposition and found no change in the mineralization ability of bone marrow cells. In this study, we used irradiation of a femoral bone defect in SAMP6 by LIPUS as a form of mechanical stress. The analysis of chronological change revealed a significantly higher ratio of bone increase in P6LG than in P6CG.
The external and internal areas of new bone volume in P6LG were higher than those in P6CG, while there was no significant difference in the ratio of new bone in the central area. Naruse et al. 34) found that irradiation of organ-cultured rat femurs by LIPUS resulted in an increase in OC-positive cells and promotion of differentiation of periosteum-derived stem cells into osteoblasts.
Renno et al. 35) irradiated rat tibial bone defects with LIPUS and found an increase in OC expression in the irradiated group compared with that in the non-irradiated group during the callus formation period from 7 to 13 days. Ërdogan et al. 36) irradiated the osteotomized area of rabbit mandible with LIPUS and reported an increase in the thickness in the callus that formed and reduced trabecular separation. In this study, expression of OC was observed in the exterior of new bone in both R1CG and P6CG. This may indicate that the ossification ability of periosteum in SAMP6 was not significantly different from that in SAMR1. These results suggest that bone healing in SAMP6 is delayed in comparison with that in SAMR1 due to reduced differentiation of bone marrow cells into osteogenic cells. Endochondral ossification and outward new bone formation were observed in areas of newly formed bone in SAMP6, indicating that LIPUS promoted proliferation of normal periosteal cells on the surface of the bone and accelerated the differentiation of osteoblasts in the deep region callus. Therefore, a greater amount of new bone was created in the external and internal areas in P6LG than in P6CG. Taken together, these results indicate that LIPUS has the potential to promote new bone formation from cortical bone during tooth extraction and implant placement in patients with senile osteoporosis.
In conclusion, LIPUS has been suggested to accelerate healing on low-turnover osteoporosis by promoting bone formation from periosteum and supplementing reduced bone formation from bone marrow.
